The nascent stages of speciation start with the emergence of sexual isolation. 16 Understanding the influence of reproductive barriers in this evolutionary process is an 17 ongoing effort. We present a study of Drosophila melanogaster populations from the 18 southeast United States and Caribbean islands undergoing incipient sexual isolation. 19 The existence of premating reproductive barriers have been previously established, but 20 these types of barriers are not the only source shaping sexual isolation. To assess the 21 influence of postmating barriers, we investigated putative postmating barriers of female 22 30 31 Running Title 32 Postmating barriers in US and Caribbean fruit flies 33 34 Key Words 35 sexual conflict, egg laying, hatchability, remating, sperm toxicity, chase away 36 selection 37 3 38
remating and egg laying behavior, as well as hatchability of eggs laid and female 23 longevity after mating. In the central region of our putative hybrid zone of American and 24 Caribbean populations, we observed lower hatchability of eggs laid accompanied by 25 increased resistance to harm after mating to less related males. These results illustrate 26 that postmating reproductive barriers acting alongside premating barriers in a complex 27 secondary contact zone. Furthermore, our findings suggest hybrid incompatibilities, 28 likely due to the nature of genomic admixture of populations in the area, are influential 29 even at the early phases of sexual isolation.
Introduction 39 The onset of speciation is driven by reproductive barriers that reduce gene flow and 40 result in reproductive isolation between populations. These barriers are classified by the 41 temporal nature of their effect: prezygotic barriers occur before fertilization, while 42 postzygotic barriers occur after fertilization (Coyne & Orr, 2004) . The latter can be 43 further divided into extrinsic and intrinsic categories, depending on whether the barrier 44 interacts with external factors (e.g. environmental, individuals) or internal factors (e.g. 45 genetic incompatibilities) (Seehausen et al., 2014) . Speciation involves multiple 46 reproductive barriers of varying effect sizes (Coyne & Orr, 2004; Seehausen et al., 47 2014), and identifying the interaction and strengths of reproductive barriers at play is 48 vital to characterizing the process of speciation. 49 50 Drosophila is particularly well-suited to study reproductive barriers because this genus 51 spans the whole speciation spectrum, from non-interbreeding species to hybridizing 52 species (Bono & Markow, 2009 ) and populations (Yukilevich & True, 2008b) . Empirical 53 studies of sexual selection in D. melanogaster have investigated the evolution of 54 prezygotic isolation -mate choice, male morphology, and courtship behavior (Hollocher, 55 1997; Yukilevich & True, 2008a) . Postzygotic barrier mechanisms are also known to 56 have an influence in Drosophila, but these studies have been limited to the hybridizing 57 species D. mojavensis/D. arizonae (Bono & Markow, 2009) and D. melanogaster/D. 58 simulans (Matute et al., 2014) . 59 60 Many natural forces influence the development of reproductive barriers; one example is 61 5 sexual conflict, derived from the competing reproductive interests between males and 62 females (Parker, 1979) . Males may benefit from overriding the mating preferences 63 evolved by females, and females consequently evolve resistance to these male 64 'coercion' tactics (Holland & Rice, 1998) . Males are then selected for novel or more 65 exaggerated traits -perpetuating an endless evolutionary chase between the sexes 66 (Parker, 1979; Civetta & Singh, 1995; Rice, 1996; Chapman et al., 2003; Arnqvist & 67 Rowe, 2005; Arbuthnott et al., 2014) . This phenomenon of conflict in reproductive 68 optima has been experimentally demonstrated to promote an antagonistic male-female 69 coevolution that is the essence of sexual isolation which precedes speciation (Parker, 70 1979; Holland & Rice, 1998; Chapman et al., 2003) . 71 72 In Drosophila melanogaster, male sperm consists of accessory gland proteins that 73 reduce female remating rates and increase egg laying (Chapman et al., 2003; Wolfner, 74 1997) . Reduced receptivity to remating will also decrease the female's opportunity to 75 mate with another male that could result in fitter progeny. Increased egg laying and the 76 trauma from mating reduces female lifespan (Fowler & Partridge, 1989) . As a result, 77 females develop resistance to these harmful male traits, and males subsequently evolve 78 new methods to discourage females from mating with other males (Arnqvist & Rowe, 79 2005). It has been suggested that females should be more resistant to males they have 80 coevolved with ('homotypic') compared to males they have not coevolved with 81 ('heterotypic'). However, these effects vary across populations, and ecological context 82 appears to be a factor (Arbuthnott et al., 2014) . This rapid, cyclical process termed 83 sexually antagonistic coevolution has been demonstrated not only in Drosophila species 84 6 (Knowles & Markow, 2001) , but also in other organisms like water striders (Rowe & 85 Arnqvist, 2002) . Coevolution by sexual conflict is a strong force behind reproductive 86 isolation, which may lead to speciation in specific circumstances (Martin & Hosken, 87 2003). 88 89 Furthermore, the evolution of Dobzhansky-Muller incompatibilities (DMIs) between 90 populations is known to promote speciation. Neutral allelic substitution within a 91 population can be incompatible with loci of a divergent population, and these 92 incompatibilities are thought to be generated by various forms of genomic conflict 93 (Seehausen et al., 2014) . Negative epistasis reduces the overall viability and sterility of 94 their hybrids, acting as a powerful force underlying incipient reproductive isolation. 95 96 A powerful approach to understanding the strength and dynamics of postzygotic 97 isolation is the study of hybrid zones, regions where divergent populations interbreed 98 and produce offspring (Harrison, 1990; Harrison, 1993) . A secondary hybrid zone 99 emerges when two genetically and geographically distinct populations interbreed after 100 expansion or migration (Jiggens & Mallet, 2000) . One striking example of a secondary 101 hybrid zone has been discovered in the Caribbean Islands and southeastern United 102 States. In this region, two distinct populations of D. melanogaster, originating from west 103 Africa and Europe (Kao et al., 2014; Yukilevich et al., 2010) , have recently come into 104 secondary contact (Bergland et al., 2014) . After a migration event from Africa to current 105 day Europe, these populations have been evolving in allopatry for approximately 10,000 106 to 15,000 years (Capy et al., 1986) . Secondary contact occurred in two waves, first with 107 7 west African flies migrating to the Caribbean Islands during the transatlantic slave trade 108 400 to 500 years ago, and then the European flies arriving to the east coast US with 109 European colonists <200 years ago (Capy et al., 1986; Duchen et al., 2013) . et al., 1986; Caracristi & Schlotterer, 2003; Yukilevich & True, 2008a) . Selba, AL (lines 2-1 and 2-2); Meridian, MS (lines 3-1 and 3-2); Thomasville, GA (lines 145 4-1 and 4-2); Tampa Bay, FL (lines 5-1 and 5-2); Sebastian, FL (line 6-1); Freeport, 146 Grand Bahamas-west (lines 7-1 and 7-2); Bullock's Harbor, Berry Islands (lines 8-1 and 147 8-2); Cockburn Town, San Salvador (lines 9-1 and 9-2); George Town, Exumas (lines 148 10-1 and 10-2); Mayaguana, Mayaguana (lines 11-1 and 11-2); Port Au Prince, Haiti 149 (lines 12-1 and 12-2). Latitude and longitude coordinates can be found in Yukilevich We performed a permutation test to investigate the significance of the lower hatchability 242 rates in the three central locations as revealed by logistic regression models as well as 243 through visual confirmation of plots. We calculated the difference in hatchability 244 between the five lines from our three central locations and the hatchability of all other fly 245 lines (18 lines). We then randomly assigned fly lines into groups of 5 and 18 and 246 14 calculated the difference in hatchability between these two groups. These permutations 247 were repeated 10,000 times. P-values were calculated by the number of times the 248 difference in hatchability between these two groups were equal to or greater than our 249 observed value divided by our 10,000 permutations. 2B ). The ANOVA model showed that that most of 300 the variance of egg laying was accounted for by male (p = 0.00167) and female 301 (p<0.0001) genotypes as well as block effects (p < 0.0001) and that longitude and 302 latitude were not significant influences (p = 0.32767, p = 0.49860). (SUPPLEMENTARY 303 FIGURE 1, 2) . Short-term remating 308 rates were generally lower (range of rates : 0-30%) than long-term remating rates 309 (range of rates: 0-60%). Remating rates do not appear to be influenced by location, 310 which was investigated further with logistic regression.
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The full logistic regression model evaluating effects of latitude and longitude while 313 controlling for male and female genotypes and block effects found that latitude (p = 314 0.11) or longitude (p = 0.35) were not useful in predicting short-term remating rates with 315 similar results for long-term remating rates (lon p = 0.7616, lat p = 0.6361). Male 316 genotype was also not a significant influence on short-term or long-term remating rates 317 (p = 0.4848 and p = 0.1240) (SUPPLEMENTAL TABLE 2, 4). The reduced models 318 removing latitude and longitude as predictors showed that they were not significantly 319 influencing remating rates (SUPPLEMENTAL TABLE 3, 5). Female identities in both 320 logistic models for short-and long-term remating rates were significant, giving evidence 321 that female genotypes could influence remating rates. However, when we fitted a model 322 for long-term remating rates with a male x female interaction term, results showed that 323 this interaction term was not significant (p = 0.0959) (SUPPLEMENTAL TABLE 6, 7). To evaluate the significance of the dip in hatchability rates, we performed permutation 345 tests as described in our methods section. We found that the hatchability in the middle 346 three locations was significantly lower than the rates in the surrounding locations FIGURE 3) . Crossing 373 points of all hazard functions were visually estimated for use in the improved log-rank 374 tests (TABLE 3) . The improved log-rank tests showed evidence that females after 375 heterotypic matings had shorter lifespans than females in homotypic matings for 376 females from lines 3-1 and 12-2 (p = 0.0410 and p = 0.0271). Although, females of line 377 2-2 visually displayed a reduced lifespan when involved in heterotypic matings (FIGURE 378 3A), these results were not significant in our statistical test (p = 0.3130). Females evolve resistance to toxic males 402 We examined female longevity after mating with males that were more or less 403 genetically related to them, as defined by physical distance, which does correlate with 404 geographical distance (Kao et al., 2014) . These results from the longevity assay were 405 the inverse of our hatchability assays. Females originating from locations 7 and 8 did 406 not seem as affected by heterotypic matings compared to females from the northern 407 and southernmost locations (i.e. locations 2, 3, 12). It is known that male sperm has 408 toxic effects on females after mating (Rice, 1996) and in response to this game of 409 sexual conflict (at least in the laboratory), females develop 'resistance' against males 410 that they coevolve with in the same environment (Arbuthnott et al., 2014) . Our findings 411 not only support this coevolution tactic, but also illustrates that these patterns can 412 naturally occur outside of the laboratory. We did not find any evidence that egg laying rates or remating rates influenced the 436 reproductive success in a systematic way with regard to these isofemale lines from the 437 southeast United States and Caribbean Islands. However, the lack of evidence from our 438 study does not imply that these behaviors in general are not influential postmating 439 reproductive barriers. Current views of speciation regard the process as a sliding 440 26 continuum in which speciation can move forward or step back and may even be 441 arrested at intermediate stages (Seehausen et al., 2014) . Depending on the driving 442 force of speciation, different types of reproductive barriers form at particular stages 443 (Seehausen et al., 2014) . Thus, it may be that these postmating behaviors could be of 444 importance at other stages in the speciation continuum, in which case, other species in 445 the Drosophila genus may be better candidates to further investigate this question. 446 447
